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© An EEPROfW Includes a voltage multiplier (100) 
for generating an erase voltage and a voltage regula- 
tor circuit (108) for controlling the magnitude of the 
. erase voltage. The voltage regulator circuit includes 
means for providing a first voltage proportional to the 
erase voltage, means for providing a reference volt- 
age on a reference voltage lead, and means for 
controlling the voltage multiplier circuit so that If the 
^jfirat voltage is less than the reference voltage, the 
^voltage multiplier circuit will increase the erase volt- 
age, but If the first voltage is greater than the ret er- 
ipence voltage, the voltage multiplier will not continue 
^to increase the erase voltage. The voltage multiplier 
' (1 00) includes capacitors (1 03) and transistors 
^(101;105) constructed using standard EEPR0M pn> 
Ocesslng to withstand high voltages without breaking 
down. 
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VOLTAGE MULTIPLIER CIRCUIT 



This invention related to EEPROMs and more 
specifically to EEPROMs including voltage multi- 
plier circuits. 

There ana a number of types of EEPROMS 
available on the market One such EEPROM is 
described in U.S. Patent 4,531,203 Issued to 
Masuoka. et al. (incorporated herein by reference) 
Bnd includes a transistor having a source, & drain, a 
. floating gate, a control gata and an erase gate. 
During electrical erase, a low voltage Is applied to 
the control gate, the source and the drain, and a 
high voltage (e,g. about 40 volts) is applied to the 
. erase gate, thereby causing etectrans to tunnel 
from the floating gate to' the erase gate. A similar 
EEPROM is discussed in U.S. Patent 4.591. 004. 
issued to Ku© et si., incorporated by reference. 

In other EEPROM transistors, the floating gate 
is erased by causing electrons to tunnel from the 
floating gate to the drain- Unfortunately, this re- 
quires application of a high voltage (typically 10 to 
^ 25 volts) to the transistor drain. The high voltage 
required for electrically erasing a transistor with a 
floating gate-erase gate tunneling mechanism or a 
floating gate-drain tunneling mechanism can be 
generated from an external voltage source coupled 
to the EEPROM. Unfortunately, such external volt- 
age sources are expensive and therefore undesira- 
ble. To avoid having to provide an external high 
voltage power supply. It is known to generate the 
erase voltage on-chip using a, voltage multiplier. 

A typical voltage multiplier 8 Is illustrated in 
Figure 1 . of the accompanying drawings, and In- 
cludes an Input lead 10 for receiving a relatively 
low input voltage Vi N (e.g. about 5 volts) and an 
output lead 12 for providing an erase voltage Vout " 
(typically 20 to 40V) In response to clock pulse 
pulses o and «. Circuits such as the one illustrated 
in Figure 1 are also known as charge pumps. 

The voltage multiplier of Figure 1 is well known 
In the art. and is described, for example, In the 
article by Dickson et al. entitled "On-Chip High- 
voftage Generation In MNOS integrated Circuits 
Using an Improved Voltage Multiplier Technique," 
published in the IEEE Journal of Solid State Or- 
cuits in June, 1976. incorporated herein by refer- 
ence. 

One problem with voltage multiplier a is that 
transistors 14-1 to 14-N are exposed to and must 
therefore be capable of withstanding voltages of 
about 20 to 40V without breaking down. Typical 
transistors used In LSI Integrated circuits Include a 
thin gate oxide (about 250 A) and Shallow N + 
source and drain regions (typically extending to a 
depth of about 0.9 to 0.4 microns). Application of a 
voltage in the range of 20 to 40 volts to such 



transistors typically causes the gate oxide to break 
down, thereby destroying the transistor, or causes 
the source-substrate or drain -substrate junction to 
break down. However, EEPROMs which generate 

5 the erase voltage on-chip must Include transistors 
capable of withstanding high voltages. Such high 
voltage transistors include a thick gate oxide (e.g. - 
(n excess of 500A) and source and drain regions ; 
having a deep junction depth (e.g. in excess of 0.7 [ 

w to 0.$ microns). Unfortunately, such transistors take 
up a large surface area end are extremely slow. 
Thus, in the prior art, circuit designers were faced 
with the option of either having all of their transis- J 
tors being targe and slow, or using special process I 

is steps to provide some transistors designed to nan- I 
die high voltages which were large and slow, and \ 
other transistors which did not include a thick oxide 1 
and deep junctions. The latter alternative required J 
additional semiconductor processing steps and / 

20 therefore the resulting devices were complicated I 
and expensive to build. 

it is also known in the art to provide circuits for 
regulating the output voltage provided by voltage 
multipliers. Unfortunately, such regulating circuits 

25 typically control the voltage multiplier output volt- 
age to a value dependent on manufacturing pro- 
cess parameters and temperature. Thus, the erase 
voltage can vary from production lot to production 
rot and can also vary in response to ambient 

so temperature. Thus, despite the presence of the 
regulator circuit, the output voltage might be either 
too high On which case it might stress or damage 
the transistors in the EEPROM circuit) or too low 
fin which case it will not erasB the EEPROM). 

55 A voltage multiplier constructed in accordance 
with our invention includes a novel MO 5 transistor 
capable of withstanding high voltages. We have 
discovered that the high voltage MOS transistor 
can. be constructed without additional process 

40 steps compared to the steps used In prior art 
CMOS EEPROM devices by using to advantage 
the process steps already present In the CM08 
EEPROM process. Rather than using a separate 
process step to form the source and drain regions 

«s of the N channel high voltage transistor, we form 
the source and drain region simultaneously with the 
formation of the N type wells In which P channel 
transistors of the CMOS circuit are to be formed. 
As a result the source and drain regions have the 

so same junction depth as the N- well (e.g. about 4 
microns) but advantageously, also have an N- Im- 
purity concentration rather than a higher impurity 
concentration, thereby further enhancing the break- 
down voltage of the Junctions between the sub- 
strate and the source and drain regions. 
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As an additional feature of our invention, we 
have discovered that the field oxide normally 
formed in a CMOS Integrated circuit can be used 
to fabricate high voltage capacitors (1-9- capacitors 
which will not breakdown under the high voltages 
produced by the voltage multiplier). This Invention 
turns to advantage the thick field oxide by fabricat- 
ing simultaneously with" the fabrication of the float- 
ing gates of the memory transistors a floating con- 
ductive plate over the thick field oxide. Additional 
oxide is then formed over the floating plate simulta- 
neously with the formation of oxide on the floating 
gates In the floating gals transistors and then sec- 
ond and third plates are formed above the First 
plate. Because the Insulation between the second 
and third plates (which are capacitivery coupled to 
each other via the first plate) Is formed simulta- 
neously during the formation of Insulation of the 
floating gate on the memory cell transistors, the 
insulation above the first plate but under the sec- 
ond plate, and above the first plate but under the 
third plate Is essentiaPy the same thickness. There- 
fore, the effective Insulation between the second 
plate and the third plate Is the sum of these two 
insulation thicknesses or twice the thickness of the 
Insulation between the second plate and the first 
plate or the third plate and the first plats alone. 

The voltage multiplier in accordance with our 
invention also includes a regulator circuit for con- 
trolling the voltage multiplier output voltage to a 
selected value independently of process param- 
eters or temperature. In one embodiment, the regu- 
lator circuit includes a reference voltage lead for 
providing a reference voltage and a comparator for 
comparing the reference voltage with a sense volt- 
age proportional to the voltage multiplier Output 
voltage. The comparator output signal controls the 
voltage multiplier. OP importance, the reference 
voltage Is generated by a capacltlve voltage divider 
which Is temperature and process parameter insen- 
sitive. The capacltlve voltage divider comprises a 
plurality of capacitors having a first plate Coupled 
to the reference voltage lead and a second plate 
selectively coupled to receive either a first or sec- 
ond voltage. By causing the second plates of In- 
dividual capacitors to receive either the first or 
second voltage, the reference voltage can be con- 
trolled to a selected value. 

The reference voltage Is typically set to a value 
by voltage trimming circuitry such that the voltage 
multiplier output voltage Is sufficiently high to erase 
the EEPROM but not significantly higher. Thus, the 
erase voltage Is not permitted to vary, and become 
so high as to stress or damage transistors in the 
EE PROM, or become so low as to prevent erasure 
of the EEPROM. 

In one embodiment, the sense voltage is pro- 
vided by a capacrtive voltage divider coupled be* 



tween the voltage multiplier output lead and 
ground. This provides a number of important aoV 
vantages. For example, because a capacitive volt- 
age divider Is used, no DO current flows through 

s the voltage divider to drop the output voltage. Fur- 
ther, because a voltage divider is used, the sense 
voltage Is only equal to a fraction C ,n one embodi- 
ment one fourth) of the voltage multiplier output 
voltage so the sense voltage can be compared with 

70 the reference voltage. 

The present invention Is further described be- 
low, by way of example, with reference to the 
remaining figures of the accompanying drawings, 
of which: 

is Figure 2 schematically illustrates a voltage 

multiplier constructed in accordance with the inven- 
tion; 

Figure 2a schematically illustrates another 
voltage multiplier constructed in accordance with 
20 the invention: 

Figure 3 schematically illustrates a circuit for 
controlling a programmable Voltage regulator cir- 
cuit: 

Figures 4 and 6 Illustrate In cross section 
is and plan view, respectively, a first transistor ca- 
pable of withstanding a high voltage without break- 
ing down; 

Figure 8 illustrates in cross section a second 
high voltage transistor; 
3o Figure 7 illustrates in cross section a high 

voltage capacitor 

Figure 8 illustrates in cross section a capaci- 
tive voltage divider; 

Figures 9a to 9k illustrate in cross section 
ss various semiconductor devices manufactured using 
a process in accordance with our Invention; 

Figure 1Q illustrates in cross section a high 
voltage capacitor constructed In accordance with 
an alternative embodiment of our Invention: and 
40 Figure 1 1 is a graph of the output voltage of 

the voltage multiplier of Figure 2 versus time. 

Figure 2 schematically Illustrates a voltage 
multiplier circuit iqq including an input lead 102 

46 which receives a voltage V PP (typically about 12 
volts). Voltage multiplier 100 also includes an out- 
put lead 104 which provides a voltage Vout * 
(typically a voltage between about 20 and 40 volts 
depending upon data stored in a nonvolatile regis* 

so tar 109, described below). The voltage multiplier 
circuit too is part of an EEPROM which Includes 
CMOS control circuitry and an array of floating 
gate transistors for storing data. Voltage Vout is 
applied to the Floating gate transistors to erase the 

68 floating gate transistors, e.g.', by electron tunneling. 
Voltage V PP is the programming voltage used to 
store data in the EEPROM, e.g.. by hot electron 
injection. However, in other embodiments of our 
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Invention, the voltage applied to input load ioa is 
other than 12 volts, e.g. 5 volts. Also, in other 
embodiments of our invention, voltage V 0 ut Is used 
to program as .wall as erase, the floating gate tran- 
sistors. In other embodiments, the voltage mutfU 5 
pller ts not part of an EEPROM, but Is used In an 
EAROlvl, EPROM or other type of circuit 

The portion of voltage multiplier 100 within 
dotted lines 103 functions In a. manner similar to 
voltage multiplier 8 of Figure 1. 10 

ft is noted that transistors 101-1 to 101-N 61 
vortage multiplier circuit 100 are exposed to large 
voltages, in fact in one embodiment, approximately 
40 volts are applied across the gate oxide of tran- 
sistor 101-N and aero 33 the drain-substrate and is 
source-substrate Junctions of transistor 101-N. 
Thus, in accordance with one feature of our Inven- 
tion, transistors 1O1-1 to 101-N are constructed so 
that they are capable of withstanding such voltages 
using conventional EEPROM process steps. Flgj- 20 
ores 4 and 5 illustrate one embodiment of transis,- 
tor 101-N, it being understood that the other tran- 
sistors within transistors 101-1 to 1O1-N are of like 
construction. (In an alternative embodiment since 
transistor 101-1 Is not exposed ta extremely large 2s 
voltages, transistor 101-1 can have a conventional 
structure, btfter transistors in the earlier stages of 
the voltage multiplier can also have a conventional 
structure. However, the transistors In the last * 
stages of the voltage multiplier must be able to so 
withstand high voltages.) 

Referring to Figures 4 and 5 it is seen that 
transistor 101-N Includes a control gate 250 and a 
floating gate 252. Boating gate 252 and control 
gate 250 are formed concurrently with the floating 35 
gates and control gates of the EEPROM memory 
array. An insulation layer £54 is formed between' 
floating gate 252 and underlying P* epitaxial layer 
256 (which In turn Is formed on a P + substrate 
257), and an insulation layer 258 Is formed be- 4) 
two en floating gate 252 and control gate 250. In- 
sulation layers 254 and 258 are formed concur- 
rently with corresponding Insulation layers In the 
EEPROM array, and have thickness of about 300& . 
and 550 A. respectively. Accordingly, the total in-r «s 
aulatfon thickness between control gate 250 and 
epitaxial layer 256 Is approximately 850 A. Such an 
oxide layer Is capable of withstanding about 70 to 
80 volts, even though the oxide layer is formed 
using conventional EEPROM process steps* so 

It ts noted that control gate 250 does not cover 
a border mgtan 252a at the periphery of floating 
gate 252. This is done so that If control gate 250 Is 
misaligned relative to floating gate 252. portions of 
control gale 250 wiD not extend directly over the* gs 
source or drain of transistor 101-N or epitaxial layer, 
256. This is important because if control gate 250 
were misaligned relative to floating gate 252 so that 
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control gatB 250 extended 'over epitaxial layer 256. 
only a single insulation layer would separate con- 
trol gate 250 from the epitaxial layer, and a large 
voltage would be present across that single Insula- 
tion layer. Accordingly, to aliow for misalignment 
between gates 250 and 252. transistor 101-N Is 
designed so that control gate 250 does not extend 
over border region 252a of floating gate 252. 

Figure 5 Illustrates transistor 101-N in plan 
view. As can be seen, floating and control gates 
252 and 250 extend over an area 2B0. Field oxide 
(typically about 5000 to 7000A thick) is formed in 
area 2G0 to minimize the capacitance between the 
portion of underlying P- epitaxial layer 256 in area 
280 and floating and control gates 250 and 252. 
Control and floating gates 250 and 252 are ex- 
tended over ansa 260 in such a manner as to 
adjust the ratio of the capacltlve coupling between 
floating gate 252 and control gate 250 and the 
cap&cnjve coupling between floating gate 252 and 
thB remainder of the transistor. This is done be- 
cause the transistor must be able to withstand 
application of 40 volts to control gate 250. ft is 
desirablB to ensure that appropriate portions of the 
40 volts are applied across each of Insulation lay- 
ers 254 and 258. If most of the 40 volts were 
applied across insulation layer 25$ (e.g. because of 
excessive coupling between gate 252 and epitaxial 
layer 258}, Insulation layer 258 could be damaged 
by application of such a large voltage. Similarly, If 
most of the 40 volts were applied across insulation 
layer 254 (e.g. because of excessive coupling be- 
tween gates 250 and 252), insulation layer 254 
could be damaged. 

It is noted that a portion of 250a of control gate 
250 extends past the edge of floating gate 252 and 
directly over field oxide 260. The portion of control 
gate 250 directly over field oxide 280 is typically 
electrically contacted by contact metallization (not 
shown). If a contact were formed over the portion 
of control gate 250 over floating gate 252, forma- 
tion of this contact could damage or weaken the 
underlying structure. 

Referring again to Figure 4> transistor 101-N 
comprises a source region which includes an N- 
well 282. Formed In N-weJl 282 is an N+ region 
264. Of importance. N+ region 264 is formed 
concurrently with the formation of N + sources and 
drains of the floating gate transistors of the EEPR- 
OM memory array, (In another embodiment N+ * 
region 264 Is formed concurrently with the N + 
sources and drains in the CMOS control circuitry at 
the periphery of the EEPROM.) N- welt 262 is 
formed concurrently with the N- welJs used to form 
the P type transistors In the CMOS peripheral 
control circuitry of the EEPROM. Of importance, 
the breakdown voltage of the PN junction between 
N- well 262 and P-eprtaxial layer 256 is greater • 
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than the breakdown voltage which would be exhib- 
ited between N+ region 264 and F-epitaxlaJ layer 
256 if N- well 252 dfd not exist. This is true In part 
because n- well 262 extends deeper Into the semi- 
conductor wafer than N + region 264 and thus, the 
radius x>f curvature of the edge 262a of N- well 262 
is greater than the radius of curvature of edge 284a 
of N+ region 264. (The depth of N- well 262 is 
typically greater ttian or equal to twice the depth of 
N+ region 294.) As is known In the art, PN junc- 
tions with a large radius of curvature have a greater 
breakdown voltage than PN junctions with a email 
radius of curvature, and therefore, the PN junction 
between N- well 262 and P- epitaxial layer 2S3 
exhibits a high breakdown voltage (In one embodi- 
ment, about 80 volts). Also, the breakdown voltage 
of en N-/P- Junction Is greater than the breakdown 
voltage of an N+/P- /unction of like geometry. In 
one embodiment, N- well 262 has a dopant con- 
centration less than about 1% that of M+ region 
264. Jhus, the low doping concentration of N- well 
262 also enhances the breakdown voltage of tran- 
sistor 101-N. 

As mentioned above, N 4- region 264 is formed 
with N-well 262. Of Importance, N+ region 264 
facilitates electrlca/ connection to source contact 
metallization 270, and also reduces the electrical 
resistance of the source of transistor 101-N. 

The drain of transistor 101-N also Includes an 
N- well 266 and therefore exhibits a similarly high 
PN junction breakdown voltage. N + region 268 
within well 266 similarly facilitates electrical con- . 
nection to drain contact metallization 272 and re- 
duces the -electrical resistance of the drain. 

In accordance with one feature of the present 
invention, transistors 101 -T to 101-N are selected 
to exhibit a low threshold voltage VT. In addition, 
transistors 101-1 to 101-N are designed such that 
there is only a small effect due to the source- 
substrate bias voltage on the transistor threshold 
voltage. (The effect due to the source-substrate 
bias on threshold voltage Is known as the body 
effect) Providing a low threshold voltage VT and a 
low body effect enhances the' efficiency of the 
voltage multiplier by permitting more charge to be 
transferred by transistors 1O1-1 to 101-N each 
clock cycle. Maintaining a low threshold voltage 
and body effect is achieved by providing a low 
channel dopant concentration' in transistors 101-1 
to lOi-N. This Is accomplished using the manufac- 
turing process described befow. 

Although transistor ioi-n includes a floating 
. gate and is subjected to high voltages, it is noted 
that floating gate 252 is not programmed during 
use, I.e. floating gate 252 does not become nega- 
tively charged. Programming is inhibited because 
the voltage across the drain and source is gen- 
erally Ies9 than 5V. Also, the presence of a large 



source-substrate reverse bias, and the use of high- 
ly resistive N~ well 260 as the drain also inhibits 
programming. 

Referring again to Figure 2, it is seen that 
s voltage multiplier 100 also Included a transistor 105 
which is coupled to a control circuit 107. After 
electrical erase, It is desired to discharge lead 104, 
thereby bringing voltage V OU t to ground, Thus, 
after electrical erase, control circuit 107 turns on 
io transistor 105. thereby discharging lead 104. Be- 
cause 40 volts Is applied across transistor 105. it is 
necessary to ensure that transistor 105 is capable 
of withstanding this voltage. Although a transistor 
having a structure such as illustrated In Figures 4 
is and 5 would accomplish this task, In accordance 
with one embodiment of our invention, transistor 
105 has a structure such as illustrated in Figure 6. 
Transistor 105 of Figure 6 Is similar to transistor 
101-N except since source 300 is tied to ground, 
so and the junction voltage between source 300 and 
epitaxial layer 256 is substantially 0 volts, it is not 
necessary to form source 300 in an N- well. How- 
ever, since the drafn-epltaxiaJ layer Junction of tran- 
sistor 105 must withstand a voltage in excess of 
as 40V, the drain of transistor 105 comprises an N- 
well 302 surround an N + region 304. 

As seen In Figure 6, translator 105 employs a 
split-gate architecture such that Heating gate 305 of 
transistor 105 covers a first portion 306 of the 
so transistor channel but not a second portion 307 of 
the channel. This provides an important advantage, 
because there is usually some capacltlve coupling 
between drain 306 of transistor 105 and floating 
gate 305. Thus, as voltage V 0UT at drain 308 in- 
3S creases, the voltage at floating gate 305 Increases, 
and an inversion region In portion 30G of the chan- 
nel can form. However, because floating gate 305 
does not extend over the entire channel of transis- 
tor 105, the Inversion region does not extend from 
<o the source to the drain of transistor 105, and thus 
transistor 105 will not turn on unless the voltage at 
control gate 309 Increases. This is important be- 
cause If transistor 105 were permitted to conduct 
current because of drain-Floating gate capacitive 
<*s coupling, even a small amount of current through 
transistor 105 could significantly drop output volt- 
age V 0 UT. 

Referring again to Figure 2. it Is seen that 
capacitors 103-1 to 103-N are also typically ex- 

50 posed to large voltages. Accordingly. Figure 7 Illus- 
trates capacitor 103-N which is constructed to be 
able to withstand a voltage of about 70 to 80 volts 
(although in use, capacitor 103-N is not exposed to 
voltages in excess of 40 V). Referring to Figure 7, 

ss it Is seen that capacitor 103-N includes a floating 
gate 310 formed on a thick field oxide region 312 
. (e-g., 6000 to 700oA thick). An insulation layer 314 
Is formed In floating gate 312, a first control gate 



PAGE 18/47 ' RCVD AT 11130/2004 5:20:37 PM [Eastern Standard Time] * SVR:USPT0-EFXRF-1/2 ' DNIS:8729306 ' CSID:613 230 6706 ' DURATION (mm-ss):17-04 



11/30/2004 18:26 FAX 613 230 6706 



OGILVY RENAULT 



@019 



9 



EP 0 323 156 A2 



10 



316 Is Formed on a first portion of insulation layer 
314. and a second control gate 31 a is formed on a 
second portion of insulation layer 31 4- Control 
gates 316 and 318 serve as first and second 
plates, respectively, of capacitor 103-N. Of Impor- 
tance, floating gate 310 Is capacHively coupled to 
gates 316 and 318. Because the effective insulation 
between gates 318 and 318 is twice the insulation 
thickness of insulation layer 314 (i.e., an effective 
thickness of about 1 TOO A), capacitor 103-N is ca- 
pable of withstanding large voltages. Further, be- 
cause of the thickness of field oxide region 312, 
the oxide between gats 310 and epitaxial layer 256 
is also capable of withstanding high voltages with- 
out breaking down. 

Figure 10 (frustrates in cross section a second 
embodiment of a high voltage capacitor which can 
be used for capacitor 103-N. As can be seen, the 
capacitor of Figure 1 0 also includes a control gate 
330. a floating gate 332, insulation 334 formed 
between control gate 330 and floating gate 332 and 
Insulation 33 B between floating gate 332 and an 
underlying M* well 338. Control gate 330 and N> 
well 333 serve as first and second plates, respec- 
tively, of capacitor 103-N. An N+ region 340 
formed in N- well 338 facilitated electrical contact 
to contact metallization 342. The effective oxide 
Insulation between control gate 330 and N-welJ 336 
is thick, e.g. about 850A, and is therefore capable 
of withstanding high voltages. The junction between 
N- wen 333 and epitaxial layer 256 has a large 
radius of curvature and thus a high breakdown 
voltage. 

Voltage multiplier 100 includes capacitors 110- 
1 to 110-4 (the function of which is described 
be low;, which are coupled between output lead 104 
and ground. Thus, the plates of capacitor 110-1 are 
also exposed to large voltages. Figure 8 illustrates 
In crass Section Capacitors 110-1 to 110-4 adapted 
to withstand high voltages. Lead 104 is coupled to 
a control gate 350 which serves as the first plate of 
capacitor 110-1. Control gate 350 is capacltively 
coupled to a floating gate 352, which serves as the 
second plate of capacitor 110-1 and the first plate 
of capacitor 110-2. A control gate 354 extends over 
and is capacftivefy coupled to floating gate 356. 
Gate 334 serves as the second plate of capacitor 
110-2 and the first plate of capacitor 110-3. Gate 
354 extends over floating gate 360 which serves as 
the second plate of capacitor 110-3 and the first 
plate of capacitor 110-4. and Is also connected to 
the non-inverting input toad of an Inverter 116 (also 
illustrated in Figure 2 and described below). Con- 
trol gate 362 serves as the second plate of capaci- 
tor n 0-4 and is connected to ground. Floating 
gates 352 and 360 are formed on field oxide layer 
364, 

In accordance with ana novel feature of our 



invention, a voltage regulator circuit 1 08 is coupled 
to output lead 104 to ensure that voltage Vour is at 
a desired value which is Independent of tempera- 
ture and process parameters. Voltage regulator 1 08 
s includes capacitors 110-1 to 110-4 coupled in se- 
ries between output lead 104" and a ground termi- 
nal 112. Capacitors 110-1 to 11Q-4 all have a 
substantially Identical capacitance, and serve as a 
capacrtivQ voltage divider so that thB voltage at a 
10 node 114 (between capacitors 1if>3 and 110-4) Is 
at a voltage equal to voltage V 0UT *4. Node 114 is 
connected to the non-Inverting input lead of a com- 
parator 119. The inverting input lead of comparator 
116 is connected to a lead 118 which receives a 

*ff reference voltage V RepT Comparator 118 compares 
voltage V QUT with voltage V nEP and generates a 
binary output signal on an output 'lead 118 in 
response thereto. Lead 119 is connected to a 
NAND gate 122 which is part of ring oscillator 

20 oircuit 124. when the signal at read 119 is high, 
ring oscillator 124 oscillates and provides output 
signals <> and ?to the voltage multiplier. Thus, if 
the signal at lead 114 Is less than voltage V*^ 
ring oscillator 124 generates clock signals 0 and 4. 

as and thus voltage multiplier 100 will increase voltage 
Vqut at lead 104. However, as soon as voltage 
V 0UT /4 Is greater than voltage V neF , the signal at 
output lead 119 goes low. ring oscillator 124 stops 
oscillating and voltage multiplier 100 stops increas- 

30 ing voltage Vqut- Thus, the EEPROM of the 
present invention Includes a voltage regulator 
which permits voltage V 0 ut to be accurately con- 
trolled. 

Figure 11 Illustrates the relationship between 

as voltage v flUT and time when voltage multiplier 100 
turns on. As can be seen, voltage V 0 ut Increases 
with time until voltage V 0 uf4 exceeds voltage V REF , 
at which time, oscillator 124 ceases oscillation, and 
voltage Vqut stops increasing, 

40 As mentioned above, comparator 116 com- 
pares voltage V Qln V4 with vottage V*^. Because 
the capacitive voltage divider divides voltage Vqut 
by four, comparator 116 need not have to with- 
stand high voltages. Also. It ia necessary to gen- 

46 erate a sense voltage on lead 114 which is a 
fraction of voltage Vqut so that the sense voltage 
can be compared with voltage V REP . 

Also as mentioned above, lead 116 provides 
voltage v^p to comparator lie. in one embodt- 

50 ment, lead 118 is coupled to voltage V PP (as men- 
tioned above, typicafry 12 vorts) via parallel-coupled 
capacitors 120-1 to 120-20 and to ground via 
parallel-coupled capacitors 122-1 to 122-10. Lead 
118 is also coupled to a plate of each of capacitors 

fis 124-1 to 124-10. The second plate of capacitors 
124-1 to 124-10 Is connected to either ground or 
vottage Vpp via switches 126-1 to 126-10. which are 
part of a switching network 128. (Capacitors 120-1 
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to 120-20. 122-1 to 122-10 and 124-1 to 1^4-10 
have the same capacitance C.) The state of switch- 
es 126-1 to 126-10 is controlled by the contents of 
register 106, described in greater detail below. The 
network including capacitors 120-1 to 120-20 J 122- 
1 to 122-10, 124-1 to 124-10 and switching network 
128 controls voftage V^f to a desired value. When 
the EEPROM Is first tested after wafer fabrication, 
register 106 contains the value zoro, and switches 
126-1 to 126-10 connect capacitors 124-1 to j 124- . 10 
10 to ground. Thus, voltage Vr^f can be calculated 
as follows: V aEF = Vpp (20C/40C) - V PP /2 = 6TV. 
(1) Thus, comparator 116 compares voltage Vjowrn^ 
with voltage V PP /2, and causes voltage multiplier 
100" to increase voltage Voujuntil voltage |V 0 ur 
reaches voltage Vpp * 2 (or about 24V), The eepr- 
OM is tested to determine If 24V Is sufficient to 
erase the EEPROM. 

rf voltage Vpp x 2 is insufficient to serve as an 
eraae voltage, the contents of register 106 are 
changed, thereby causing one of switches 126-1 to 
126-10 to change state. If One of Switches 126-1 to 
126-10 changes state, voftage V BE f changes to a 
value as follows: 
V R6P = V PP (21/40)- (2) 
Thus, ff voltage V PP Is 12 volts, voltage V ftep in- 
creases from 6 volts to 6.3 voits, and voltage Vqut 
changes from 24 volts to 25.2 volts. If It is deter- 
mined that 25.2 volts Is too low to erase the float- 
ing gate transistors of the EEPROM, the contents 
of register 108 are again changed to thereby 
change the stale of another one of switches 126-1 
to 126-10. This causes voltage V neP to again in- 
crease, this time to a value as follows: 
Vrep = v pp (22/40). (3) This process continues 
until a voltage ts selected which is sufficient for 
erasing the EEPROM. Thereafter, the contents of 
nonvolatile register 106 are no longer changed, and 
the EEPROM is erased with the selected voltage. 
By limiting voltage V G ur to a voltage large enough 
to erase the EEPROM but not greater, the transis- 
tors exposed to voltage Vqut will not be exces- 
sively stressed. 

The above-described voltage regulator pro- 
vides a number of important advantages. First, as 
can be seen in equations 1 to 3, voltage v" flEF is 
Independent of capacitance C. Thus, If capacitors 
120-1 to 120-20, 122-1 to 122-10 or 124-1 to 124- 
10 are made either too large or too small (e.g. 
because of under etching or overetching the poly- 
silicon capacitor plates during manufacturing), voft- 
age V REF does not change. Thus, voltage Vqgf- is 
insensitive to processing conditions. More Impor- 
tantly! voltage Vref is insensitive to temperature. 

it fs also noted that capacitors 120-1 to 120-20, 
122-1 to 122-10 and 124-1 to 124-10 all have the 
same capacitance and shape. Thus, if they are 
overetched or underetched, their capacitances are 
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affected equally. 

It is noted that in the above-described embodi- 
ment, voltage Vour is a value between 24 and 36 
volts, and can be adjusted In 1 SN steps. However, 
In other embodiments, voltage Vour can be varied 
over other voltage ranges, as desired, with different 
incremental voltage steps. This can be done, for 
example, selecting different numbers of capacitors 
and by using voltages other than 12V and/or 
ground In the capacittve voltage divider. 

In accordance with another novel feature of our 
invention, lead 1 1 8 is coupled to the output lead of 
comparator 116 via a capacitor 127 (Figure 2a). 
Thus, if voltage V 0 crr is high enough to halt oscilla- 
tor 127, the voltage at the output lead of compara- 
tor 116 drops, thereby causing a slight drop In 
voltage V REF . tf voltage Vqut falls to a sufficiently 
low value, the output voltage of comparator 116 
rises thus causing a slight Increase in voltage Vre P . 
Thus, the regulator circuit of Figure 2a exhibits 
hysteresis, and small variations in voltage V 0uT will 
not cause voltage multiplier 103 to turn on and off. 
In yet another embodiment, comparator 116 drives 
another output lead (not Shown) with the logicaJ 
inverse of the signal at lead 116, and this other 
output lead Is capacltWoly coupled to lead 114 so 
that when comparator 116 changes statB, the volt- 
age at lead 114 shifts slightly. This causes the 
regulator circuit to exhibit hysteresis, and thus 
comparator 116 will not change state in response 
to extremely small variations In voltage Vqut* 

In accordance with one novel feature of our 
Invention, register 109 Is a nonvolatile memory 
register designed to consume essentially zero pow- 
er. Figure 3 schematically illustrates a single mem- 
ory cell 1 50 for storing a bit of data within register 
106 which controls switch 126-1. Switch 126-1 is 
also illustrated in Figure 3. The Other memory cells 
in register 106 and switches in switching network 
128 are Identical to memory cell 150 and switch 
12&-1 in Figure 3. Referring to Figure 3, switch 
126-1 includes an output lead 132 for connecting 
capacitor 124-1 to either voltage Vpp (via transistors 
154 and 156) or to ground (via transistors 156 and 
160), depending on data stored In a floating gate 
transistor 162 within memory cell 150. 

The control gate of floating gate transistor 162 
receives 5 volts. Therefore, If the threshold voltage 
of transistor 162 Is low (e.g. because the floating 
gate transistor 162 Is electrically neutral), the volt- 
age at a nods 164 is low. Node 164 is coupled to 
an Inverter 166 which drives a node 16S with a 
high voltage. Nodes 164 and 166 are coupled to 
the gates of P channel transistors 154 and 158 and 
N channel transistors 1S6 and 160 such that when 
the voltage at node 164 is high and the voltage at 
node 166 Is low, transistors 158 and 160 are on 
and connect capacitor 124-1 to ground while tran- 
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sisters 154 end 156 are off. In contrast, when the 
threshold voltage cf transistor 182 is high (e.g. 
because the floating gate of transistor 162 Is nega- 
tively charged), transistor 162 is off, the voltage at 
node 164 is high, the voltage at node 168 Is low. 9 
and transistors 154 and 156 are on, thereby con* 
nesting capacitor 124-1 to voltage Vpp. In this way, 
the circuit of Figure 3 connects either voltage Vpp 
or ground to capacitor 124-1, depending on the 
state of floating gate transistor 182. 10 

In accordance with one embodiment of our 
invention, memory ceil 150 does not consume 
power. This Is true in part because a P channel 
transistor 180 is coupled in series with floating gate 
transistor 162 between V CG pad 162 and ground. P is 
channel transistor 180 is driven by Inverter 166. 
Thus, if transistor 162 Is on. the voltage at node 
164 is low, the voltage at node 168 Is high, and 
therefore transistor 180 turns off, and there Is no 
current path between vottage V cc and ground. 20 
Similarly, ff transistor 1 62 is off, the vottage at node 
164 is high, the voltage at node 168 is tow, and 
therefore transistor 160 turns on, thereby coupling 
node 1 64 to Vcc pad 1 82. However, since transistor 
162 is off, mere is still no current path between Vcc & 
and ground. Thus, essentially no power is con- 
sumed by ceil 150. 

it is noted that node 166 Is also coupled to 
ground via an N channel transistor 184 which is 
driven by a sense circuit 186, Normally, V^ 30 
sense circuit 186 provides a low output voltage, 
thereby turning off transistor 184 and thus normally 
transistor 184 does not affect operation of cell 150. 
However, during power up, when VCC Is ramping 
up from 0 volts to 5 volts, Vco sense circuit 186 35 
provides a high output voltage, thereby causing N 
channel transistor 184 to remain on until voltage 
Vcc reaches about 3 volts. This Is done becauss 
when cell 150 Initially powers up, the various nodes 
power up in an Indeterminate state. If the threshold 40 
vottage of transistor 102 were high, and inverter 
166 powered up such that It was driving node 168 
with a high voltage, transistor 160 woutd remain off, 
transistor 162 would remain off, and node 164 
would power up in a randomly selected state. By 4S 
providing Vcc sense circuit 186 and N channel 
transistor 184, transistor 180 is forced to Initially 
turn on during power up (until voltage Vcc reaches 
3 volts), thereby causing the voltage at node 164 to 
go high and the vottage at node 168 to go low. so 
Thereafter, when transistor 184 turns off. if the 
threshold voltage of transistor 162 is high, the 
voltage at node 184 win remain high and the volt- 
age at node 168 win remain low. However, if ths 
threshold voltage of transistor 162 Is low, the volt-. 55 
age at node 164 will drop to ground, the voltage at 
node 168 will rise to Vcc. and transistor 180 will 
turn off. Thus, sense circuit 186 and N channel 



transistor 184 ensure that cell 150 does not power 
up in an indeterminate state. 

Also Illustrated in Figure 3 Is a data input' pad 
188 and a control circuit 190. Data input pad 188 
and control circuit 1 90 are used to program transis- 
tor 162 during testing of the EEPROM as described 
above. During programming of transistor 162, 12 
volts are applied to the gate and drain of transistor 
162. 

A semiconductor process used to form an 
EEPROM including a voltage multiplier in accor- 
dance with our Invention Is described below in 
relation to Figures' da to 9k. Figures 9a to 9k 
Illustrate In cross section the various structures in 
an GEPROM constructed In accordance with our 
invention, including a transistor 400 (Figure 9k) 
having the same structure as transistors 101-1 to 
101-N, a transistor 402 having the same structure 
as transistor 105. a capacitor 404 having the same 
structure as the capacitor of Figure 10. a capacitor 
406 having the same structure as the capacitor 
103-N of Figure 7, an EEPROM floating gate tran- 
sistor 408 for storing data, field oxide region 410, 
an N channel transistor 412 which is part of the 
CMOS peripheral control circuitry of the EEPROM, 
and a P channel transistor 414 which is part of the 
CMOS peripheral control circuitry. The structures 
illustrated in Figures da to 9k are typically not 
adjacent to one another, but are merely shown in 
that manner to better illustrate how they are formed 
by the process steps described herein. (Capacitors 
1 10^-1 to 110-4, Illustrated in Hgure 8, are formed 
in a manner similar to capacitors 103-N of Figure 7. 
Thus, capacitors 11GM and 110-4 are not illustrated 
in Rgures 8a to 8k.) 

1. As illustrated In Figure 9a, a P- epitaxial 
layer 420 fs grown on a P + substrate 422. In one 
embodiment, layer 420 has a dopant concentration 
of 10 l5 /cc A first silicon dioxide layer 424 is then 
grown on the P- epitaxial layer 420. 

2. A photomask 426 is formed on first silicon 
dioxide layer 424 and N type impurities are Im- 
planted Into P-epitaxlal layer 420 to form th© N- 
wells used as the source and drain of to-be-formed 
transistor 400 (e.g. source 407a and drain 407b), 
the drain of transistor 402 (drain 407c), N- well 
407d used to form capacitor 404, and N- well 407a 
used to form P channel transistor 414 In the pe- 
ripheral CMOS control circuitry- Photomask 426 Is 
then removed. 

3. A SlaNft layer 432 is then formed on the 
wafer, e.g. by chemical vapor deposition (Figure 
9b). A photomask 433 is applied to the wafer and 
patterned to expose portions of SiaN* layer 432 
where field oxide is' to be formed. The exposed 
portions of SiaNi layer 432 are than removed. 
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4. Photomask 433 Is removed and the wafer 
is covered with a photomask 434 which Is pat- 
terned as illustrated in Figure 9c. The wafer is then 
subjected to a first field implantation process in 
which the implanted Ions do not have -sufficient 
energy to pass through SI3N-. layer 432. Thus, ions 
are onfy implanted Into the areas where SbNc layer 
432 has been removed. In one embodiment. P type 
Ions such as boron ions are implanted at a dosage 
of 5 x I0 13 /cm z and an implantation energy of is 
KeV during this step, thereby forming regions 430e 
and 430b of enhanced P type dopant concentra- 
tion. Thereafter, the wafer Is subjected to a second 
Implantation step in which the ions have sufficient 
energy to pass through SbN* layer 432 but not 
through photomask 434, During this step, boron is 
typically implanted with a dosage of i0 13 /cm z and 
an Implant energy of 160 KeV. Of importance, 
during the second implantation step, ions are im- 

• planted into the entire wafer except where P chan- 
nel transistor 41 4 Is to be formed. 

5. Photomask 434 is removed and field ox- 
ide layers 435a and 435b ore thermally grown in 
the areas where layer 432 has been re- 
moved (Figure 9d). 

3. Referring to Figure 9e, SlgN+ layer 432 Is 
removed, e.g. by placing the wafer In. phosphoric 
acid. Silicon dioxide layer 424 is then removed, 
e.g. by placing the wafer in an HF solution. Of 
Importance, because of the thickness of field oxide 
435a and 435b, only an insignificant portion of the 
field oxide is removed during this step. A new 
silicon dioxide layer 436 is then thermally grown on 
the wafer. 

7. A photomask 430 (Figure 9e) is applied to 
the wafer and patterned to form window region 
439a and 439b and the wafer Is subjected to a 
PROM implant (using P type Impurities) to adjust 
the dopant concentration in regions 437a and 437b 
where the channel of EEPROM transistor 408 and 
transistor 402 are to be formed- This is done to 
adjust the threshold voltage of to-be-formed EE PR- 
OM transistor 406 and transistor 402. Photomask 
439 is then removed. 

a Referring to Figure 9f. a first doped poly- 
silicon layer (s deposited on the wafer by chemical 
vapor deposition and then patterned in a conven- 
tional manner to form floating gates 43Ba to 436e- 

9. A photomask 440 Is applied to the wafer 
and patterned and N+ source region 442a and 
drain region 442b of to-be-formed EEPROM float- 
ing gate transistor 408 are formed by ion implanta- 
tion (Figure 9g). It is noted that an edge of drain 
region 442b Is self-aligned with an edge of floating 
gate 438© of to-be-formed transistor 408. This is 
dona for reasons described in U-S- Patent 
4,639,883. Issued to Boas Eitan on January 27, 
1997, incorporated herein by reference. N+ re- 



grans 442c to ,442f within transistors 400 and 402 
and N + region 442g within capacitor 404 are also 
farmed at this' time. Photomask 440 ia then re- 
moved. (Rsgions 442c and 442d are self-aligned 

9 with gate 438a, but do not come into contact with 
the P- material of epitaxial layer 420 because N- 
wells 407a and 407b extend a greater distance 
under gatB 438a than the distance N+ regions 
442c and 442d extend under gate 438a.) 

w 10. Silicon dioxide layer 433 is removed 

except the portion of layer 433 covered by floating 
gates 438a to 43 8e, e.g. by placing the wafer in an 
HF solution. Because of the thickness of field oxide 
435a and 435b, only an Insignificant portion af the 

15 field oxide is removed during this step. The wafer 
is removed from the HF solution and a new silicon 
dioxide layer 445 is thermally grown on the wafer. 

11. A photomask (not shown) is applied to 
the wafer and a threshold voltage adjust implant Is 

20 ' performed to adjust the threshold voltage of subse- 
quently formed N channel transistor 412 of the 
CMOS control, circuitry. The photomask Is then 
removed and another photomask (not shown) is 
applied to the wafer. The wafer Is then subjected to 

25 another implantation step to adjust the threshold 
vgltage of to-be-formed P channel transistor 414. 
The photomask Is then removed. It Is noted that 
transistor 400 [ does not receive any Ions during 
threshold adjust implantation applied to the CMOS 

oo transistors or the PROM implantation applied to the 
E6PROM transistor 408 (see step 7. above). Thus, 
the channel o ( f transistor 400 has a low dopant 
concentration, [and thus transistor 400 exhibits a 
tow threshold voltage and body effect 

35 12. Referring to Figure 9h, a second doped 

layer of poly silicon Is deposited by chemical vapor 
deposition on the wafer and then patterned, there- 
by forming control gates 446a to 446f. Of Impor- 
tance, the second doped polyslllcon layer is also 

40 used to form gates 448g and 446h of to-berfbrmed 
transistors 412 and 414. (In another embodiment, 
gates 446a to;446h include a layer of polysilicon 
covered with a silidde layer such as tungsten sili- 
cide.) 

45 13. The' wafer is covered by a photoresist 

layer 448 which Is patterned to define a window 
region where source region 430a and drain region 
450b of N channel transistor 412 Is to be formed 
(Figure 91). The wafer is then subjected to an Ion 

so Implantation process to thereby form source 450a 
and drain 450b. (As described above, the N + 
regions within ^transistor 400 and 402 and capacitor 
404 are formed concurrently with N + regions 442a 
and 442b. HoWaver. In another embodiment, the 

59 ' N+ regions olj transistors 400 and 402 and capaci- 
tor 404 are formed concurrently with source and 
drain regions 460a and 460b.) 
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14: Photoresist layer 448 Is removed and the 
wafer is covered with a photoresist layer 452 which 
is ■ patterned to define a window region where 
source 454a and drain 454b are to be formed 
rRgure 9j). The wafer is then subjected to an s 
implantation process to form P type source and 
drain regions 454a and 454b of transistor 414. 
Photomask 452 is then removed. 

15. A thick passivation layer of silicon diox- 
ide is deposited on the wafer, e.g. by chemical jo 
vapor deposition. A contact mask is apptied to the 
wafer mot shown). Contacts are then etched in the 
passivation layer. 

16. Contact metallization Is deposited on the 
wafer and then patterned to form electrical con- ts 
tacts, schematically illustrated as contacts 460a to 
460s in Figure 4K. 

17. A second passivation layer of silicon 
dioxide mot shown) is formed on the wafer. 

20 

It wilt be appreciated that using conventional 
EEPROM processing steps described above, high 
voltage transistors 400 and 402, and high voltage 
capacitors 404 and 406 are formed. Thus, the 
process flow of the present invention has the ad- 25 
vantage of providing high voltage structures and 
convention low voltage structures in a single in- 
tegrated circuit without requiring additional process 
steps. Thus, high voltages (e.g. 20 to 40V) can be 
generated and handled on-chip without requiring 30 
additional process steps, and without requiring all 
transistors In the EEPROM to be targe and slow. 

While the invention has been described with 
reference to specific embodiments, it will be recog- 
nized that changes can be made in form and detail ss 
without departing from the scope of the invention 
as defined by the following claim. 



Claims 40 

1. A structure including a first region of semi- 
conductor material of a first conductivity type, a 
second region of a second conductivity type 
formed in the first region, a third region of the 45 
second conductivity type formed in the first region 
and spaced apart from the second region, one of 
the second and third regions serving as a first 
source region, the other of the second and third 
regions serving as a first drain region, a First chan- 50 
net region extending between the first sourcB re- 
gion and the first drain region, a first insulating 
layer formed above the first insulating layer, a 
second insulating tayer formed above the floating 
gate, a control gate formed above the second ire 39 
sulating layer, the first drain, the first source, the 
floating gate and the control gate serving as a first 
transistor, a fourth region of a second conductivity 



type formed In the first region, a second source 
region of the first: conductivity type formed in the 
fourth region, a second drain region of the first 
conductivity type formed in the fourth region and 
spaced apart from; the second source region, and a 
third gate formed above but insulated from the 
fourth region, the; third gate, the second source 
region, and the second drain region serving as a 
second transistor, ! 

characterized in that at least the second region 
extends to a depth: substantially equal to the depth 
of the fourth region so that the breakdown voltage 
of the junction between the first and Second re- 
gions is approximately equal to the breakdown 
voltage between the first and fourth regions. 

2. A structure as claimed In Claim 1 character- 
ized in that the second transistor is part of a CMOS 
circuit 

3. A structure! as claimed in Claim 1 or Z 
characterized by ajfleld Insulating layer thicker than 
the first and second insulating layers formed above 
a portion of the first region, the floating and control 
gates and the second insulating layer extending 
over the field Insulating layer adjusts thB capacitive 
coupQng between the floating and control gates to 
thereby increase the breakdown voltage between 
the control gate and the rest of the first transistor. 

4. A structure as claimed fn Claim 3 character- 
ized In that the portion of the control gats not 
extending over thejfiefd insulating layer is laterally 
surrounded by a portion of the floating gate. 

5. A structure 1 as claimed In Claim 1 or 2 
characterized by a plurality of floating gate memory 
cell transistors having sources, drains and channel 
regions formed in! the first region, wherein the 
dopant concentration In the first channel region Is 
less than the dopaifrt concentration In the channel 
regions of the plurality of floating gate memory ceil 
transistors, wherein the first source region com- 
prises a first N region formed in a first N- region 
and the first drain region comprises a second N + 
region formed in a! second N- region, wherein the 
distance between trie first and second regions 
is at least twice the jiength of the channel regions of 
the plurality of floating gate memory can transis- 
tors, and wherein ,the low channel dopant con- 
centration in the first transistor, the long distance of 
separation between; the first and second N + re- 
gions, and the presence of the first and second N- 
regions 1 cooparats io prevent the floating gate of 
the first transistor from being programmed, 

8. A capacitor I comprising a first region of 
semiconductor material of a first conductivity type 
and a second region of semiconductor material of a 
second conductivity type opposite the first con- 
ductivity type formed within the first region, the 
second region serving as a first plate of the capaci- 
tor, characterized by!: 
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a first conductive layer formed above but insulated 
from the second region; and 
a second conductive layer formed above but in- 
sulated from the first conductive layer, the second 
conductive layer serving as a second plate of said 3 
capacitor. 

7. A capacitor as claimed In Claim 6 wherein 
the capacitor is part of a circuit characterized by: 
a third region of the second conductivity type 
formed within the first region, the second region io 
extending to substantially the same depth as the 
third region; 

a Source region of the first conductivity type 
formed within the third region; 

a drain region of the first conductivity type formed ts 
within the third region, a channel extending be- 
tween the source and drain regions; and 
a gate formed above the channel region. 

B. A capacitor characterized by 
a first insulating layer; 20 
a first conductive layer formed on the first insulat- 
ing layer 

a second insulating layer formed on the first con- 
ductive layer; 

a second conductive layer formed on a first propor- 25 
tion of the second Insulating layer but not on a 
second portion of the second insulating layer, the 
second conductive layer serving as a first plate of 
said Capacitor; and 

a third conductive layer formed on the second so 
portion of the second insulating layer, the third 
conductive layer serving as a second plate of the 
capacitor. 

9. A capacitor as claimed in Claim 8 character- 
ized In that the capacitor is part of a voltage as 
multiplier in an Integrated circuit 

10. A capacitor as claimed In Claim d or 9 
characterized In that the first Insulating layer is part 
of the field insulation of an integrated circuit, 

11. A structure comprising a voltage multiplier, aq 
the voltage multiplier comprising a plurality of tran- 
sistors coupled In series between an input lead and 

an output lead,' each translator within the plurality of 
transistors comprising a source region, a drain re- 
gion, a channel region extending between the 49 
source region and the drain region, and a first 
insulating layer formed over the first channel re- 
g ion. the plurality of transistors being characterised 
by: 

a floating gate farmed over the first insulating layer; so 
a second Insulating layer formed over the floating 
gate: and 

a control gate formed over the second Insulating 
layer, the control gate being connected to the drain 
region, and wherein the voltage multiplier com- 55 
prises a plurality of capacitors, each capacitor hav- 
ing a first plate coupled to the control gate of an 
associated one of the transistors, a first group of 



capacitors within the plurality of capacitors having a 
second plate j receiving a clock signal and a 
second group of capacitors within the plurality of 
capacitors receiving a clock signal 

12. A structure as claimed in Claim 11 char- 
acterized in that each of the capacitors comprises: 
a first conductive layer formed on a third insulating 
layer; \ 

a fourth insulating layer formed on the Rrst conduc- 
tive layer; t 

a second conductive layer formed over a first por- 
tion of the fourth Insulating layer, the second con- 
ductive layer serving as the first plate; and 
a third conductive layer formed over a second 
portion of the! fourth insulating layer, the third con- 
ductive layer serving as the second plate. 

13. A structure as claimed in Claim 11 or 12 
characterized 'in that the voltage multiplier is part of 
a semiconductor wafer comprising a second plural- 
ity of transistors, the drain-substrate and source- 
substrate breakdown voltage of the first plurality of 
transistors being greater than the drain-substrate 
and source-substrata breakdown voltage of said 
second plurality of transistors. 

14. A structure as claimed in Claim 13 char- 
acterized in that the drain-substrate and source- 
substrate breakdown voltage of the first plurality of 
transistors exceeds the drain-substrate and source- 
substrate breakdown voltage of the second plurality 
of transistors by at least 5 volts. 

15. An integrated circuit Including a voltage 
regulator comprising an input terminal for receiving 
an Input voltage, an output terminal for providing an 
output voltage, and vottage means for generating 
the output voltage from the input voltage, char- 
acterized by*. , 

means lor receiving a digital vaJue; 
means for providing a reference voltage of a mag- 
nitude responsive to the digital value; and 
means for comparing said output voltage to the 
reference voltage and generating a regulator output 
signal in response thereto, said voltage means ad- 
justing the said output voltage In response to the 
regulator output signal. 

16. A circuit as claimed in Claim 13 character- 
rzed by an array of floating gate memory cells, end 
means for applying the output voltage to the mem- 
ory cells to change data stored In the memory 
cells. : 

17. An Integrated circuit including a voltage 
multiplier comprising an Input terminal tor receiving 
an input voltage, an output terminal, a clock lead 
for receiving cjlock pulses, and means for generat- 
ing an output jvoftage on the output terminal from 
me Input vottage in response to the clock pulses, 
characterized in that the voltage multiplier com- 
prises: ; 

means for providing a sense voltage having a mag- 
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nrtude responsive to said output voltage; and 
moans for comparing said sense voftage with a 
reference voltage, said means for comparing sup- 
plying said dock signals to said clock lead when 
said reference voltage exceeds said sense voltage 
but not when said sense voltage exceeds said 
reference voltage. 

10. A circuit as claimed In Claim 17 character- 
ized in thai the means for generating comprises a 
plurality of transistors coupled in series between 
the input terminal and the output terminal, the gate 
of each transistor being connected to its associated 
drain, and a plurality of capacitors. Bach capacitor 
having a first plate coupled to the gate of an 
associated one of the transistors and a second 
plate, the second plate of a first group of capacitors 
within die plurality of capacitors receiving a clock 
signal 6. the second plate of a second group of 
* capacitors within the plurality of capacitors receiv- 
ing a clock signal o. 

19, An integrated circuit including a voltage 
supply comprising first means for providing an 
output on an output lead, characterized by 

' a first lead for receiving a first voltage: 
a plurality of capacrtore coupled in series between 

' the output lead and the first lead, the plurality Of 
capacitors serving as a voltage divider; 
a second lead coupled to a node between two of 
the capacitors within the plurality, the second lead 
providing a Sense voftage .responsive to the output 
voltage; and 

second means for providing a reference voltage, 
the first means comprising means for comparing 
the sense voltage and the reference voltage and 
adjusting the Output voltage in response thereto. 

20. A circuit as claimed in Claim T9 character- 
ized tn at the plurality capacitors comprises: 

an insulating layer; 

a first plurality of conductive layers formed over the 
first insulating layer, each conductive layer within 
the first plurality serving as a plate of at least one 
of the capacitors within the plurality of capacitors; 
a second plurality of conductive layers, a first one 
of the conductive layers within the second plurality 
serving as a first plate of a first capacitor within the 
plurality of capacitors and being formed over but 
insulated from a first portion of a first conductive 
layer within the first plurality, the first conductive 
layer within the first plurality serving as the second 
plate of the first capacitor and a first plate of a 
second capacitor within the plurality of capacitors, 
a second conductive layer within the second plural- 
ity of conductive layers being formed over a sec- 
ond portion of the 'first conductive layer within the 
first plurality and serving as a second plats of the 
second capacitor, the second conductive layer 
within the second plurality extending over but being 
insulated from at least a portion of a second con- 
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ductlve layer wfthln the first plurality and serving as 
a first plate of a third capacitor within the plurality 
of capacitors, the second conductible layer within 
the first plurality serving as a* second plate of the 
6 third capacitor. I 

21. An Integrated circuit comprising a voltage 
multiplier, the voltage multiplier comprising a first 
input terminal for receiving a first input voltage, an 
output terminal for | providing output voltage, and 

to voltage means for 'generating the output voltage 
from the input voltage, characterized in that the 
voftage multiplier comprises: 

a second input terminal for receiving a second 
input voltage; ; 
ts a third input terminal for receiving a third input 
voltage: ■ 

a capacftive voltage divider coupled between said 
second and third input terminals for generating a 
reference signal on a reference lead in response to 
do the second and third input voltages, the capacftive 
voltage divider comprising a plurality of capacitors 
having a first plate coupled to the reference lead; 
a plurality of switches, each switch having a lead 
coupled to the second plate of a uniquely asse- 
ss dated one of the icapacttors, each switch elec- 
trically coupling the| second plate of the uniquely 
associated capacitor to either the second input 
terminal or the third input terminal; 
means for providing! a sense signal having a mag- 
so nltude responsive to j the output voltage; and 

means for comparing the reference signal and the 
sense signal and generating therefrom a compara- 
tor output signal, the voltage means adjusting the 
output voltage in response to the comparator out- 
as put signal, ! 

22. A circuit as claimed In Claim 21 character- 
ized in that the first input voltage equals the sec- 
ond input voltage. , 

23. A circuit as claimed In Claim 21 or 22 
40 characterized by a register, the state of the switch- 
es being determined, by data stored in the register. 

24^ A voltage multiplier for providing an output 
voltage on an output lead comprising a transistor 
tot discharging the output lead, the transistor com- 

45 prising a first region jot semiconductor material of a 
first conductivity type, a second region of semicon- 
ductor material of ; a second conductivity type 
formed In the first region, the second region being 
coupled to the output lead, a third region of semi- 

so conductor material of the second conductivity type 
formed within the first region and spaced apart 
from the second region, and a channel extending 
between the second and third regions, character- 
ized in that transistor comprises; 

55 a floating gate formed over a first portion of the 
channel region but | not a second portion of the 
channel region; and ' 

a control gate extending over the floating gate and 

t 

i • 
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tha second portion of the channel region, so that if 
the voltage at the second region rises, and the 
voltage at the floating gate rises due to caparitlve 
coupling between the floating gate and the second * 
region, an inversion region will not form extending s 
fram the second region to the third region Indepen- 
dently of the voltage at the control gate. 

25. A voltage multiplier comprising means for 
providing an output voltage at an output terminal, 
characterized by: ro 
regulator means for controlling the Output vottage; 
a register for storing data, the regulator means 
controlling the output voltage to a value determined 
by the stared data, the register comprising a plural- 
ity of memory ceils, at least one of the memory ?s 
cells comprising: 

a first lead for receiving a first voltage; 

a second lead tor receiving a second voltage; 

a floating gate transistor having a floating gate, the 

transistor being either on or off depending on the 20 

data stored In the floating gate transistor; and 

switch means coupled x ln series with the floating 

gate transistor between 'the first and second leads, 

the switch means being open when the floating 

gats transistor is on, tha switch means being 25 

dosed when the floating gate transistor Is off, so 

that the ceil consumes essentia] ly no power- 

26. A memory cell comprising a first lead for 
receiving a first voltage, a second leed for receiving 

a second voltage, and a floating gate transistor 30 
having a floating gate, the transistor being either on 
or off depending on the data stored in the floating 
gate transistor, characterized by: 
switch means coupled In series wfth the floating 
gate transistor between said first and second leads. ss 
the switch means being open when the Floating 
gate transistor is on, and closed when the floating 
gats transistor Is off, so that the cell consumes 
essentially no power. 

27, A method of forming an integrated circuit 40 
Including a high voltage transistor, the method 
comprising the steps of forming a well region of a 

first conductivity type in a first region of semicon- 
ductor material of a second conductivity type, for- 
ming a first source region and a first drain region of 45 
tha second conductivity type in the well region 
such that a first channel region extends between 
tha first source region and the first drain region, 
and forming second and third regions of the first 
conductivity type in the first region, wherein one of so 
the second and third regions serves as a second 
drain region, the other of the second and third 
regions serves as a second source region, and a 
second channel region extends between the sec- 
ond source region and the second drain region. 56 
characterized by forming at least part of the sec- 
ond region concurrently with the well region. 
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28. A method as claimed In Claim 27 char- 
acterized in that the integrated circuit comprises an 
EEPROM, the second source and drain regions 
being part o|f a second transistor comprising a 
floating gate j and a control gate formed concur- 
rently with the floating and control gates of the 
EEPROM, the transistor being part of a chargB 
pump. 

29. A mejthod of forming an integrated circuit 
including a capacitor, the method comprising the 
steps of forming a first wall region of a first con- 
ductivity type in a firat region of semiconductor 
material of a 'second ' conductivity type, forming a 
source and a jdrain of the second conductivity type 
within the first well region such that a channel 
extends between the source and drain, forming In 
the first region at least one floating gate transistor 
Including a floating gate and a control gate, char- 
acterized by the steps of: 

forming a second well region of the first conductiv- 
ity type concurrently with "the first well region; 
forming a layer of floating gate material above (he 
second well region but insulated from the second 
well region concurrently wfth the floating gate; and 
forming a layer of control gate material above but 
Insulated from the layer of Floating gats material 
concurrently with the control gate, the second well 
region and layer of control gate material serving as 
electrodes of a capacitor. 

30. A method of forming an Integrated circuit 
comprising field oxide regions, and a plurality of 
floating gate transistors including floating and con- 
trol gates, characterized by the steps of: 
forming a layer of floating gate material on a region 
Of field Oxide concurrently with a Step Of forming 
Heating gates and 

forming first and second layers of control gate 
material over first and second portions of the layer 
of floating gate material, respectively, concurrently 
with the step of forming control gates, the first and 
second layers j of control gate material serving as 
first and second capacitor electrodes, respectively. 
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